Over the last few years, animal personality researchers have called for integrative approaches to study behavioral, immunological, and life-historical traits. This is because life history and personality have become implied as part of integrative "pace-of-life" syndromes. Immune defense is one of the traits that have been suggested to associate with personality traits, such as boldness, mainly because behavioral types may differ in parasite encounter rates. Here, we quantified the narrow-sense heritabilities (h 2 = V A /(V A + V R )) and genetic (r A ) and phenotypic (r P ) correlations between 2 measures of behavior (overall boldness and defreezing, i.e., recovery from disturbance-induced immobility), 1 measure of immune function (encapsulation response), and 2 life-history traits (body mass and maturation time) using the western stutter-trilling cricket, Gryllus integer. All nonbehavioral traits showed strong heritabilities (range: encapsulation response and life-history: h 2 = 0.42-0.84), whereas behaviors were only marginally heritable (h 2 = 0.06-0.11). Boldness and encapsulation were positively associated, and defreezing and body mass were negatively associated phenotypically, whereas only defreezing was positively genetically correlated with encapsulation. However, the lack of significant additive genetic variation in defreezing suggests that the genetic correlation may be an artifact and therefore, that there were only environmentally induced phenotypic correlations between behaviors and other measured traits. Life-history traits and encapsulation were positively phenotypically associated and these associations were mostly genetically underpinned. Overall, our results support the hypothesis that life history is structured in an evolutionarily significant "pace-of-life" syndrome, but suggest that behavior does not intrinsically integrate with such life-history variation.
Behavioral Ecology should emerge whenever individuals differ in residual reproductive value: individuals with high future fitness expectations should make sure to "harvest" those assets and therefore behave relatively cautiously (Wolf et al. 2007) .
However, it is not yet clear whether individually stable behavior should emerge phenotypically from certain life-history patterns or result from tight genetic associations with life-history traits or their underlying physiological traits. In support of the latter view, the predicted links between personality and life history within single populations of the same species may resemble predicted links between behavior and life history at the between-population and between-species level , in line with the "life-history pace-of-life" hypothesis (Ricklefs and Wikelski 2002; Wikelski et al. 2003; Wiersma et al. 2007 ). The life-history pace-of-life hypothesis, inspired by classic r-and K-selection theory (Pianka 1970; Reznick et al. 2002) , predicts that life-history traits are associated such that either "fast" (i.e., fast maturation, low survival, and low investment to offspring quality) or "slow" (i.e., long life span, high maturation age, and high investment to offspring) phenotypes characterize populations or species, depending on ecology and evolutionary history (Wikelski et al. 2003; Wiersma et al. 2007 ). Life-history pace-of-life may also include immune defense so that "fast" types (e.g., species) should not invest in expensive defense mechanisms because they would probably not benefit from such an investment given their short expected longevity (Martin et al. 2006 (Martin et al. , 2007 . In contrast, "slow" types should invest in immune defense because such an investment would contribute to the long life span required for this lifestyle to be profitable (Ricklefs and Wikelski 2002; Tieleman et al. 2005; Martin et al. 2006 Martin et al. , 2007 Sparkman and Palacios 2009) . Réale et al. (2010) , therefore, proposed that behavior and life-history traits, like immunological resistance against parasites, should form integrative personality pace-of-life syndromes within single populations of the same species. Phenotypic associations between personality and parasitism are supported by empirical evidence from natural populations (Barber and Dingemanse 2010; Kortet et al. 2010) .
In the present study, we aim to test whether a key personality axis ("boldness"), cellular immune function, maturation time, and adult body mass are associated within a single population of the same species as predicted by personality pace-of-life hypothesis and whether the associations are of genetic or phenotypic nature. Measured traits enable us to reveal the potential existence of a continuum between "fast" and "slow" pace-of-life strategies (Pianka 1970; Reznick et al. 2002; Ricklefs and Wikelski 2002; Tieleman et al. 2005; Martin et al. 2006 Martin et al. , 2007 Sparkman and Palacios 2009) . Boldness (i.e., activity in potentially dangerous environment) is one of the most studied personality axes and it covaries with survival, and reproductive output, and is associated with immunity and parasite encounter rates (Réale et al. 2007; Smith and Blumstein 2008; Barber and Dingemanse 2010; Kortet et al. 2010) . In our previous studies, we have demonstrated that boldness in our model species is repeatable, and therefore, personality variation exists within our study population (Niemelä, DiRienzo, et al. 2012; Niemelä, Vainikka, et al. 2012) . Comparisons between wild populations have indicated that boldness has likely been shaped by natural selection acting through predation pressure in the field crickets (Hedrick and Kortet 2006) . Cellular immune defense, on the other hand, also likely shaped by natural selection, is one of the main immunity aspects, which is mainly targeted against opportunistic multicellular and bacterial pathogens and parasitoids (Gillespie et al. 1997 ).
We approached the study question by using quantitative genetics to study both phenotypic and genetic associations between boldness, cellular immune response (encapsulation against novel antigen), and life history using the western stutter-trilling cricket, Gryllus integer, as a model. In this article, we separate cellular immunity from other life-history traits because in personality literature, life-history traits usually refer to growth, longevity, maturation, metabolism, and body size (Stamps 2007; Biro and Stamps 2008) . Based on previous literature, we predicted a positive association between development time and adult body mass (Stearns and Koella 1986; Réale et al. 2010) , but negative associations between boldness and adult body mass, and boldness and maturation time (Stamps 2007; Biro and Stamps 2008; Réale et al. 2010) (Table 1) . Based on pace-of-life reasoning, we further predicted immune function to be negatively associated with boldness (Martin et al. 2006 (Martin et al. , 2007 Réale et al. 2010) (Table 1) . Finally, we predicted that encapsulation was positively associated with both maturation time and adult body mass (Ricklefs and Wikelski 2002; Réale et al. 2010) (Table 1) . In this article, we first estimate phenotypic correlations between boldness, encapsulation, and life history and second, decompose the correlations into their additive genetic and residual components using an animal model (Kruuk 2004; Wilson et al. 2010) . By doing so, we asked whether any phenotypic associations were underpinned by genetic versus environmental correlations, and hence whether the potential integrations would have evolutionary repercussions (Roff 1997) .
Methods

Experimental animals
We used crickets from approximately 12th generation laboratory stock that originated from a wild population in Davis, CA. Crickets were maintained at the Experimental Unit of the University of Oulu (Finland) under a constant 12 h:12 h light-dark (white fluorescent light) cycle at 27 ± 1 °C with ad libitum food (fish and reindeer pellets manufactured by Rehuraisio OY and Emo-Vital and Poron Herkku, respectively, as well as fresh cabbage) and water. The laboratory colonies had been supplemented with the offspring of wild collected individuals around 6th generation by using 50 offspring of wild collected mothers. The animals used for the experiments as parents for breeding were derived from the bulk laboratory stock (population size more than 2000 individuals) as nymphs and reared individually in covered plastic containers (length 128 mm × width 98 mm × height 73 mm) to sexual maturation. Every plastic container had a ventilation hole (3.2 mm in diameter) in the lid of the container covered with plastic netting. The containers were equipped with a shelter made of cardboard, water cup, and food. All individuals were physically isolated from 
Experimental setup
We used nested maternal half-sib, full-sib experimental designs to study the heritability of and genetic correlations between traits (Lynch and Walsh 1998) . We mated 24 randomly chosen males, each with 3 different randomly chosen virgin females separately (n = 72 females). In order to ensure successful reproduction, females were mated 2 times with their assigned males. The target male was placed with the target female into an individual container for mating. The bottom of the round mating arena (250 mm in diameter) was covered with sawdust. Mated females were subsequently housed individually in plastic containers (171 mm × 171 mm × 115 mm) with a hatching box (125 mm × 94 mm × 45 mm) with wet peat soil (approximately 350 cm 3 ), a shelter out of cardboard, and ad libitum food and water. The first day on which a female was found to excavate an egg-laying tunnel in the hatching box was defined as her egg-laying date. The first offspring emerged from the hatching box approximately 2 weeks after the first egg was laid (mean/range [both in days]: 13.73/11-18). Altogether, for 18 out of the 24 males, all the 3 females (n = 54) produced offspring, and only those offspring were used for data collection and further analyses. After 5 days following hatching, 12 offspring were chosen randomly within each full-sib family (n = 648 offspring in total) and were subsequently raised individually to sexual maturation in covered plastic containers (see above). Final sample size decreased due to natural mortality (number of offspring per female, mean ± SD: 9.94 ± 1.58; total sample size: n = 538). The studied variables were measured solely for the offspring generation.
Boldness trials
We measured, as a proxy for boldness, the time to recover from freezing and the overall time to emerge from a shelter in a potentially risky (see below) environment (Réale et al. 2007 ). Our method of behavioral screening was similar to the one described in other cricket studies (e.g., Hedrick 2000; Hedrick and Kortet 2006; Kortet and Hedrick 2007; Niemelä, DiRienzo, et al. 2012; Niemelä, Vainikka, et al. 2012) . Behavioral trials were conducted in a soundproof, temperature-controlled dark room (range: 26-28 °C), in which the experimental setting was composed of a computer, a desk, and 3 separate experimental arenas (length 188 mm × width 188 mm × height 112 mm). Because Gryllus spp. probably cannot see objects exposed to long (red) wavelengths properly (Briscoe and Chittka 2001) , dim red light mimics dark conditions. To minimize potential disturbance by the observer, we used dim red light (25 W red incandescent bulbs). This unfamiliar, red and dark, lighting might also have intensified the perceived level of novelty in the environment. Each arena was placed in a polystyrene box with 15-mm thick walls (length 282 mm × width 270 mm × height 207 mm) for acoustic shielding (though none of the males sang during the trials). At the beginning of each trial, the focal cricket was placed in an experimental tube (see below) directly from the housing box and then transferred immediately to the center of the experimental arena. After a 2-min acclimation period, during which the tube was situated vertically in the arena, the tube was carefully laid down lengthwise in the arena and a Plexiglas cover was set over the top of the arena to cover it, attenuate sounds from outside, and prevent crickets from escaping. Each trial lasted for 40 min, as pilot experiments had shown that if a cricket does not emerge within 40 min, it often hides for a much longer period. All of the crickets achieving maximum time were given a maximum boldness score equalling 40 min. During these trials, the behavioral parameters were recorded using custom time recording software "AV BioStatistics 4.9" (by A.V.). We used 77-mm-long, 23-mm-diameter, opaque plastic experimental tubes. After the trials, crickets were weighed to the nearest 0.001 g. All experiments were conducted between 08:00 and 13:00. Three different observers with equal experience collected the data.
In behavioral trials, the experimental crickets expressed "freezing" behavior. Recovery from freezing (Latency to become active [LTA] ) represents the duration of freezing (an immobile state that is easily reversed by disturbing the animal), a common antipredator mechanism used by several taxa (Chelini et al. 2009 
Encapsulation response
Insect immunity is characterized by an inducible expression of a large array of antimicrobial peptides and the constitutive melanization-encapsulation response (e.g., Siva-Jothy et al. 2005; Schulenburg et al. 2009 ). The encapsulation response against a novel antigen such as a nylon monofilament has been widely used to estimate the strength of cellular immune function in insects (Gillespie et al. 1997; Rantala and Roff 2005 and references therein; Niemelä, Vainikka, et al. 2012) . The ability to encapsulate abiotic material is related to the ability to encapsulate multicellular pathogens such as fungi, nematodes, and parasitoids (Gillespie et al. 1997) . The encapsulation response results from hemocytes aggregating and forming a capsule around the novel object or parasite. A cascade of biochemical reactions leads to the deposition of melanin and hardening of the capsule (Gillespie et al. 1997) .
We anesthetized experimental crickets using CO 2 and placed a 2-mm long implant made of 0.16 mm fishing line (Stroft GTM, Germany), knotted at one end, inside a cricket's abdomen (between the 3rd and 4th segments). To increase the encapsulation area, the implant line had been roughened throughout with P600 sand paper. The cricket's immune system was allowed to react to the implant for a period of 24 h. The implantation was always done 1 week after maturation, directly following the behavioral tests and weighing. After removal, the implants were frozen at −20 °C until later analysis in which the implants were photographed from 3 different angles under a light microscope with an attached digital camera (approximately ×20). The pictures were then analyzed using the open-source IMAGE-J program for the gray values of 
Statistical analyses
We used principal component analysis with Varimax rotation to combine behavioral measures that were recorded during the boldness assay (Jolliffe 2002) (Table 2) . Two principal components explained a significant proportion of the variation in behavioral traits (i.e., with an eigenvalue > 1; Table 2 ). LTE1 and LTE2 loaded heavily on component 1, and LTA1 and LTA2 heavily on component 2. Component 1 is, therefore, referred to as "overall boldness" and component 2 "defreezing" in the rest of this article. Because low values of behavior imply bold individuals, to clarify the interpretation, we multiplied the correlation coefficients between behavior and any other traits with −1.
All quantitative genetic analyses were conducted using animal models with restricted maximum-likelihood, which facilitate analyses of unbalanced data sets and the inclusion of fixed effects (Kruuk 2004 ). Animal models were implemented using ASReml v. 3.0 (Gilmour et al. 2006 ). Sex and observer were fitted as fixed effects in all models to control for variation in means among categories of these variables. We included random intercepts for individual identity, with the associated variance-covariance matrix determined by the additive genetic relatedness matrix (Kruuk 2004) , to estimate additive genetic (co)variance components. Environmental maternal effects were investigated by including additional random intercepts for maternal identity (Kruuk 2004) ; maternal effects did not explain significant variation in any of the traits (see Supplementary Table 1) and we, therefore, did not include them in the analyses presented in the main text. The additive genetic (V A ) and residual (V R ) variances were estimated using univariate animal models, and narrow-sense heritability (h 2 ) was calculated as V A /(V A + V R ). Significance of V A was evaluated using a likelihood ratio test (Meyer 1992) . A single multivariate (5-trait) animal model was used to estimate the phenotypic (r P ), additive genetic (r A ), and residual (r S ) correlations among all 5 traits (i.e., mass, encapsulation, maturation time, overall boldness, and defreezing) following procedures outlined by Wilson et al. (2010) (see Supplementary Table 2 ). The significance of a specific correlation was evaluated using a likelihood ratio test, comparing the likelihood of the unconstrained 5-trait model with a model where the focal correlation was constrained to be zero (over 1 degree of freedom).
results
Body mass and maturation time, as well as encapsulation, showed substantial heritabilities (h 2 ), with values ranging from 0.42 to 0.84 (Table 3) . Overall boldness and defreezing, in contrast, had relatively low and nonsignificant values of heritability of 0.06 and 0.11, respectively (Table 3) . Phenotypically, encapsulation and overall boldness were positively correlated and body mass and defreezing were negatively correlated (r P = 0.12, P = 0.024; r P = −0.11, P = 0.022, respectively, and Table 4 ). Defreezing was positively correlated genetically with encapsulation response (r A = 0.82, P = 0.012). Behavioral variables were not correlated. Moreover, we found significant positive phenotypic correlations between maturation time and body mass, maturation time and encapsulation response, and body mass and encapsulation response (r P = 0.29, P < 0.001; r P = 0.21, P < 0.001; r P = 0.12, P = 0.018, respectively, and Table 4 ). These phenotypic correlations were underpinned by a significant genetic correlation (between maturation time and mass and maturation time and encapsulation; r A = 0.52, P = 0.003; r A = 0.47, P = 0.015, respectively, and Table 4 ), whereas all residual correlations were both weak and nonsignificant. Therefore, the observed (phenotypic) correlations appeared to be solely due to genetic associations between these traits.
dIscussIon
Using a quantitative genetic approach, we found that proxies for cellular immune function (encapsulation) and overall boldness were positively correlated, whereas behavior defreezing and body mass were negatively correlated phenotypically. Only genetic correlation found between behavior and other traits was that of defreezing and cellular immune function. Overall, these findings contrast with pace-of-life motivated prediction of a negative association between immunity and boldness. Despite the fact that defreezing was genetically correlated with encapsulation, it did not express significant additive genetic variation, and this finding should therefore be interpreted with caution because it could reflect a statistical artifact (Roff 2001) . Thus, because neither of the behavioral traits were genetically correlated with life history or encapsulation and the signs of the phenotypic correlations were partly in contrast with the predictions, we conclude that our results do not provide unequivocal support for the intrinsic personality pace-of-life hypothesis ), but rather suggest that associations between life-history and behavioral tendencies are environmentally determined. Alternatively, the notion that defreezing did not express additive genetic variation but was nevertheless genetically correlated with other traits might indicate our failure to detect clearly significant h 2 represented a type II error, in which case our results could be interpreted differently. Life-history traits and encapsulation response were associated with each other both phenotypically and genetically supporting our prediction and the existence of life-history pace-of-life syndrome.
Immune function is one of the key traits that can explain consistent between-individual behavioral differences, as individuals with different capacities for immune responses arguably have different optima for behavior (Kortet et al. 2010) . Moreover, parasite load and exposure are likely to affect optimal behavior and behavior may affect the parasite encounter rates (Barber and Dingemanse Trait loadings, eigenvalues, and explained variance are given to both components. Sample size is 468 individuals each measured once. Loading values above 0.8 are printed in bold face for PC1 (overall boldness) and PC2 (defreezing). . Réale et al. (2010) suggested that boldness should be negatively associated with immune defense, while simultaneously cautioning that between-trait associations may vary according to environmental selection pressures. This very idea was partially supported by earlier phenotypic data on juvenile crickets (Niemelä, Vainikka, et al. 2012) where individuals from the shy end of the behavioral continuum had stronger encapsulation later in life. Our present results with bold adults having phenotypically stronger cellular immune function (i.e., stronger encapsulation response) than shy individuals contradict our prediction based on personality pace-oflife hypothesis, but are in accordance with other mechanisms recently presented in the literature. Specifically, according to Kortet et al. (2010) , condition dependent or intrinsically superior immune functions (see Freitak et al. 2003; Schmid-Hempel 2003) can be predicted to be positively associated with boldness through the positive phenotypic effect of behavior on resource intake rates and higher capacity of immune-competent individuals to take risks and get exposed to parasites. However, since there was no underlying genetic association between overall boldness (as proxy for personality) and encapsulation, this correlation was underpinned environmentally. Several authors have suggested that maturation time or growth rate should be associated with certain personality axes (Biro et al. 2006; Stamps 2007; Biro and Stamps 2008) . In addition, the personality pace-of-life hypothesis predicts that maturation time and body mass are negatively associated with boldness . In contrast to our expectations, neither phenotypic nor genetic correlations were present between maturation time or body mass and overall boldness. Defreezing and body mass were, however, negatively phenotypically correlated (i.e., individuals with short defreezing times had low body mass) according to our prediction. The notion of associations between growth-related traits and personality has been criticized (Adriaenssens and Johnsson 2009) , and the genetic support for personality pace-of-life hypothesis comes from studies on metabolic rates. Careau et al. (2011) , for example, found a positive genetic association between metabolic rate and proactive (i.e., bold, explorative) behavior. Given that 1) only encapsulation, but not life history, was phenotypically associated with overall boldness and the association was in opposite direction compared with predictions, 2) defreezing was phenotypically associated only with body mass as predicted, and 3) genetic associations were absent, our results fail to give unequivocal support for the personality pace-of-life hypothesis (see also Niemelä, Vainikka, et al. 2012) .
Our results of within-population positive genetic associations between maturation time and adult mass and maturation time and encapsulation do follow our predictions based on life-history paceof-life hypothesis (Ricklefs and Wikelski 2002; Wikelski et al. 2003; Wiersma et al. 2007 ). Our findings are in accordance with Koella and Boëte (2002) , who found lines selected for efficient melanization response to have longer developmental times and larger body size compared with control line indicating genetic association between these traits. Within populations, individuals with long developmental times may benefit for being able to produce high number/high quality of offspring and having more efficient cellular immune defense and therefore, increased longevity in parasitoid-or pathogen-rich environments compared with fast developing individuals, who in turn benefit of being able to start reproduction earlier.
Thus, different reproductive strategies may occur within population so that fast types allocate resources to productivity, that is, short maturation and fast reproduction, compared with slow types, which allocate resources to longevity and offspring quality (Pianka 1970; Reznick et Significance level of the additive genetic variances (i.e., heritabilities) was derived using likelihood ratio tests. Statistically significant P -values (P < 0.05) are presented as bold type. (Hegmann and Defries 1970; Hadfield et al. 2007; McGuigan and Blows 2007; Dingemanse et al. 2012) . Therefore, by studying only phenotypic expressions of traits, we would have to assume that phenotypic correlations also reflect genetic ones (Raucher 1992; Dochtermann and Roff 2010; Dingemanse et al. 2012 , but see Dochtermann 2011 for behavioral traits). We held the individuals in constant ad libitum laboratory conditions, the life history and encapsulation phenotypic correlations were mostly well in line with genetic correlations accordingly and the residual correlations were nearly nonexistent. Therefore, the detected associations may not only impact the realized life-history of individuals but be inherited to their offspring and thereby affect evolutionary trajectories (Roff 1997) . For the actual evolutionary repercussions of genetically based associations, it would be important to know the exact mechanism underlying the linkages (Roff 1997; Dochtermann and Roff 2010) . If the studied, genetically associated traits were connected via linkage disequilibrium, they would have the potential to evolve independently from each other because the respective traits are transcripted from separate genes. In contrast, if the same genes affected the expression of multiple traits (genetic pleiotropy), evolutionary responses of populations would potentially suffer longterm constraints (Rolff and Reynolds 2009 ). Therefore, quantitative trait studies, where selection for individual traits is induced away from the correlation, are now needed to reveal the underlying proximate mechanism causing those trait correlations and to assess the evolutionary potential (evolvability) of individual traits (Beldane et al. 2002) .
In conclusion, this study solely revealed environmentally induced phenotypic correlations between overall boldness and encapsulation and defreezing and encapsulation, which partly contrasted with the predictions of the personality pace-of-life hypothesis. Moreover, there were no genetic correlations between behaviors and any other traits. Life history and encapsulation were correlated both genetically and phenotypically. Therefore, our findings do not support the integrated personality pace-of-life hypothesis , but suggest the existence of a pace-of-life syndrome that restricts to life-history traits within the study population (Ricklefs and Wikelski 2002; Wikelski et al. 2003; Wiersma et al. 2007) . We encourage future studies to concentrate on studying how environmental selection pressures affect the covariation between personality and life history, and thus the potential existence of integrative personality pace-of-life syndromes.
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